Background: The aim of this study is to assess and document the dimensions of the normal spleen measured on computed tomography (CT) images (Folia Morphol 2014; 73, 3: 331-338) 
INTRODUCTION
The spleen is an intraperitoneal organ situated in the upper left quadrant of the abdominal cavity between the fundus of the stomach and the diaphragm. It is the largest organ in the reticuloendothelial system (RES). The characteristics of abdominal organ volumes and sizes have potential clinical importance. Changes in the size and volume of the organs may be related to many diseases. For example, splenomegaly is a well-known manifestation of some diseases that may include the liver, hematopoietic system, and immune system [30, 31] . In addition, splenic enlargement can be the result of a number of disorders, such as infections, storage and connective tissue diseases and malignant conditions. Splenic atrophy also occurs in adult coeliac disease [28] . Accurate assessment of spleen volume (SV) is used in the clinical treatment of patients with these diseases.
It has been a standard practice for years to use splenic size (SS) as an indicator of disease activity in a variety of disorders of the RES. In order to detect changes in the size and volume of an organ, normal anatomic values should be known. Comparisons of these values between organs produce data that can be used for diagnosing specific diseases. These data allow the clinician to identify the grade of atrophy or hypertrophy of an organ. A detailed knowledge of age related structural changes in the spleen is necessary for diagnosis of pathological processes and differentiating these from normal variants. Spleen size of healthy subjects in relevant age group should be known in order to decide whether the image of spleen on computed tomography (CT) is normal or not. Previously used techniques for measuring the SV and SS have relied on sonography [22, 27, 30] , CT [2, 11, 12, 23] and cadaveric studies [5, 7, 19] . CT is known to be a reliable and accurate method for assessing volumes and sizes of the spleen, pancreas, kidney and other intraabdominal organs [3, 9, 12, 24] . There are previously published studies documenting normal SV and SS in adult populations [9, 12, 24] . However, these studies have some limitations: the study populations were often heterogeneous and the individual sample sizes were small or participants did not have a healthy spleen. Furthermore, there are no studies specifically designed to evaluate special populations, such as adults grouped into decades. The aim of this study is to assess and document the normal SS measured on CT images with the normal SV measured by Cavalieri principle on CT images and thereby serve as a baseline for comparison in cases of splenomegaly.
MATERIALS AND METHODS
This study conformed to Helsinki Declaration and ethics committee with protocol number 2013.68.05.17 approval was obtained at our institution.
Subject selection
The SV was retrospectively calculated by applying Cavalieri principle to CT scans of 212 adult patients referred for abdominal CT for various reasons. The radiologist's report for each CT examination was reviewed. Patients with previous splenectomy, difficult identification of splenic margins, splenic tumours, and focal lesions were excluded from the study. There were 107 males and 105 females, whose age ranged from 20 to 88 years. All studies were obtained with a single-detector row helical scanner (Tomoscan AV, Philips). Abdominal CT images (section thickness 5 mm) were examined retrospectively. Patients were categorised in six age groups (20-30, 31- 
Stereological estimation of the volume of the spleen
The SV measurements using abdominal CT images of each patient on the Image Information Systems (K-PACS Patient CD) (London, United Kingdom) were performed with Cavalieri principle. Organ volumes can be estimated using the Cavalieri principle and consecutive serial tissue sections [6] . A point counting grids (PCG) was used to estimate the area of each section of spleen. The point density of the PCG was designed to obtain an appropriate coefficient of error (CE) for the serial sections [21] . A square grid system with d = 0.5 cm was placed randomly on each transverse section CT images of spleen and the points hitting the surface area of spleen were counted for each section (Fig. 1) . Counting procedure was performed 3 times for each image of a cross-section and averages of these counts were recorded. Points corresponding to the boundaries of the spleen area were included in the count. Other points outside the boundaries, even if they were very close, were not included in the count. The SV measurements were performed 3 times for each patient. Mean values of 3 measurements were calculated for SV. Calculations of the SV, CE of the estimates and other related data processing were done using a spreadsheet program (Microsoft Excel 97). After initial setup and preparation of the formula, the point counts and other data were entered for each SV and results were obtained automatically.
where 't' is the sectioning interval for n number of consecutive sections, 'SU' is the scale unit of the printed film, 'd' is the distance between the test points of the grid, 'SL' is the length of the scale on the CT images and 'ÂP' is the total number of points hitting the section cut surface areas of the spleen [3, 21] .
Anthropometric measurements of spleen
The measurement of SS were recorded for every patient on the transverse CT images, including the splenic length (SL), width (SW), and thickness (ST), as described previously. The SL was obtained by multiplying the number of sections where the spleen was visualised by the thickness of the sections. For instance, if the spleen was seen in 20 contiguous cross sectional images with 5 mm thickness, the SL was recorded as 10 cm. The SW was measured as the greatest overall dimension of the spleen. The ST was recorded as the greatest thickness at the section where SW was determined ( Fig. 2) [2, 31] .
On CT images, sagittal abdominal diameters (SAD) were measured as the distance between the anterior and posterior skin on one cross-sectional scan obtained at the level of the fourth lumbar vertebra. The transverse abdominal diameters (TAD) were measured at the same level again, as the distance between bilateral skin (Fig. 3) [3, 18] .
Statistical analysis
All statistical analyses were performed using the SPSS 11.0 for Windows and Microsoft Excel 2003 for Windows. Subject characteristics and results were reported as mean ± standard deviation. The variances of the groups (homogeneity) were assessed by Levene's test. The paired t test or Mann-Whitney U test and ANOVA or Kruskal-Wallis H test was used to analyse the groups. Duncan test was used to compare group means. Correlation was determined using the Pearson correlation coefficient. Differences were considered significant if two-tail p values were less than 0.05.
RESULTS
In our study, the mean CE was estimated as 1.2%. Patient demographic information, SV, SS and other parameters were summarised in Table 1 . 
Splenic volume, age and gender
The mean SV for the total study population of 212 patients was 198 ± 88 cm 3 . The SV ranged from 61 to 562 cm 3 . The SV in total and male population changes slightly during 20-50 years of age; in female population SV changes slightly during 20-70 years of age and then declines thereafter. The SV reaches a maximum point in the fifth decade (221 ± 95 cm 3 ) and SV reaches a minimum point in the ninth decade (159 ± 56 cm 3 ) in total population. There was a general decrease in SV as age increased. There was a significant negative correlation between SV and age for total study population (r = -0.212, p = 0.002), and female (r = -0.110, p = 0.001) and male groups (r = -0.328, p = 0.001) ( Table 2 ). The ranges for the SV across decades in total study opulation and male and female groups are shown in Tables 3, 4 and 5.
The average SV was higher in males (210 ± 90 cm 3 ) than in females (184 ± 84 cm 3 ). There was statistically significant difference between the SV of male patients and that of female patients in this study (p = 0.032). In our study, the mean age for males was 3 years higher than the mean age for females and the difference was not statistically significant. This result shows the effect of gender on the SV.
Splenic volume and dimensions
The mean SL, SW, and ST for the total study population of 212 patients was 9.96 ± 2.1 (range 4.8--15.5) cm, 8.87 ± 1.6 (range 4.9-12.4) cm and Values are means ± standard deviation; r -value is the correlation coefficient; p -value is the probability; NS -non significant (p > 0.05); rest abbreviations as in Table 1 4.58 ± 0.8 (range 2.6-6.9) cm, respectively. The SL, SW, and ST measurements for male and female groups are shown in Table 1 . The SS in total study population and male and female groups changes slightly during 20-50 years of age, and then declines thereafter. The SL, SW, and ST reach a maximum point in the fifth decade in total population (10.5 cm, 9.7 cm, 4.7 cm, respectively) ( Table 3) .
Comparison between mean SS parameters for males and females (from unpaired t-test determination) showed a statistically significant difference (p = 0.04 for ST) but no statistically significant difference with SW and SL. There was a strong correlation between SV and ST (r = 0.752, p < 0.001), SL (r = 0.735, p < < 0.001), SW (r = 0.681, p < 0.001) in mean values of total study population. The SL, SW and ST correlations for male and female groups are shown in Table 2 .
Splenic volume and body habitus
The mean body weight of the patients was 73 ± ± 14 kg and the height was 166 ± 8 cm. A moderate correlation was observed between the SV and the Values are means ± standard deviation; abbreviations as in Table 1 body weight and height of the subjects (r = 0.288, p < 0.001 and r = 0.218, p = 0.001, respectively). On average, the SV increases with an increase in body weight and height. The BMI was 25 ± 5 kg/m 2 for the total study population. The BMI for male patients was 23 ± 3 kg/m 2 and that for female patients was 27 ± 5 kg/m 2 . There was statistically significant difference between the BMI of male patients and that of female patients in this study (p = 0.002). A statistically significant relationship was observed between the SV and BMI (r = 0.212, p = 0.003).
The SAD was 22.4 ± 6 cm for the total study population. The SAD for male patients was 23 ± 3 cm and that for female patients was 22 ± 4 cm. The TAD was 33.6 ± 4 cm for the total study population. The SAD for male and female patients was 33 cm. There was no statistically significant difference between the SAD and TAD of male and female patients in this study (p > 0.05) ( Table 2) .
DISCUSSION
In the present study, we examined the range of SV and SS in patients and the relationship between SS and parameters such as age, height, weight, BMI, gender, SAD, TAD. The SV and SS varies from person to person. Besides, a number of disorders are accompanied by altered SS, including liver disease, portal hypertension, splenic vein thrombosis, lymphoma and other neoplastic processes, and haematologic entities [31] . In addition, chronic formaldehyde exposure can cause morphometric alterations in the follicles and marginal zone of the spleen [10] . Assessment of SV and SS without radiologic examination is subjective and known to be inaccurate [26, 31] , therefore evaluation with radiologic imaging is common. The use of imaging techniques is receiving increasing attention to estimate SV and SS, particularly for diagnosis of and follow-up of splenomegaly. Current literature recommends that CT can identify changes in SV and SS with the highest sensitivity and specificity [2, 31] . Several reports have demonstrated differences in the SV and SS in CT, magnetic resonance imaging, sonography and autopsy [2, 5, 16, 26, 31] . Many researchers attempted to estimate the SS by using "splenic indices" which are calculated using SL, ST and SW. Several studies in adult population have shown significant imaging accuracy based on the type of indices used to denote splenic enlargement [2, 23, 31] . However, several of the indices used are time-and effort-consuming and require significant calculation, therefore there is a need for a simpler and more practical method to determine the SV and SS. We estimated SV and SS in healthy adults grouped according to age. We also examined the relationship with parameters such as body weight and height which may have effect on SV and SS.
The SV inversely correlated with age (r = -0.212, p = 0.002). This finding is supported by previous studies [11, 15, 16, 20] . This study has shown that SV and SS increases slightly during 20-50 years of age and then declines thereafter. The decline in SV is more gradual later in life. We found that the mean SV values were 198 ± 88 (range 61-562) cm 3 for the total study population, 184 ± 84 (range 70-462) cm 3 for females and 210 ± 90 (range 61-562) cm 3 for males. The SV is affected by both age and body habitus. Based on the results obtained, splenomegaly or splenic atrophy can be defined as SV that is according to the normal ranges given in decades.
Schulz et al. [29] based on CT studies found mean SV of 169 mL. Ehimwenma and Tagbo [8] reported that average SV was 202 ± 49 cm 3 in 91 male individuals (mean age 32 years) and 153 ± 33 cm 3 in 109 female individuals (mean age 29 years). In our study, we found that the mean SV of males in the fourth decade (range 31-40 years of age) was 241 cm 3 and females in the third decade (range 20-30 years of age) 174 cm 3 . Geraghty et al. [9] found the mean SV of 209 cm 3 in 149 individuals. Hoefs et al. [13] used CT and found a normal SV of 201 mL in 11 normal patients. Prassopoulos et al. [24] reported a mean SV of 214.6 cm 3 in 140 individuals. Henderson et al. [12] reported a normal SV 219 cm 3 as calculated from axial CT acquisitions. Our results are very similar to those in literature mentioned above. Differences in SV and SS may be due to differences of the number, mean age and gender of individuals enrolled in the study and perhaps regional variations between populations studied.
Kaneko et al. [16] reported a mean SV of 112 ± ± 40 cm 3 for 150 healthy volunteers Japanese patients, and 123 ± 45 cm 3 in 238 Japanese patients in another study [15] . Harris et al. [11] found the mean SV to be 127.4 ± 62.9 cm 3 for the 230 Japanese patients. A lower SV is expected than in studies which incorporate a predominantly Japanese population. The difference between the average SV in the Japanese populations could be due to the difference in the age range or the body habitus of the patients studied.
Normal cadaveric SV reported by Loftus et al. [19] are a mean volume of 110 cm 3 and Chowdhury et al. [5] reported that mean SV in male was 75 ± 3 mL, and in female was 60 ± 4 mL. These values are consistently smaller than those reported here. We think that autopsy studies are insufficient to explain the relation between spleen and age because of the small number of cases, lack of a classification for age groups and absence of clinical history with regard to splenic pathologies.
In our study, mean SV is greater in males than it is in females by 11.4%. This result is compatible with other studies on SV [9, 11] . Sex difference in mean ST was found to be significant except for SL and SW. As there were correlations between SL, SW and ST and both height and weight, we would expect a larger average SS in men on the basis of their larger body size. In our study, mean SS are greater in males than it is in females. Hosey et al. [14] , in a study of a healthy collegiate athletic population, found that SS was larger in men than in women. Harris et al. [11] reported that the average SV was higher in males than in females. In our study, we observed that SV and ST were higher in male than in female and the difference was statistically significant. The SL and SW were higher in male than in female but the difference was not statistically significant.
Ehimwenma and Tagbo [8] reported that there was no statistically significant correlation between age of subjects and SL, SW, or SV. In this study we found that there was statistically significant negative correlation between age of subjects and SL, SW and SV, except ST. This finding is supported by previous studies [15, 16] .
The presence of a significant relationship between BMI and SV suggests an effect of obesity on the SV. The previous studies indicated that splenomegaly occurred in obese patients [25] . In our study, there was a positive correlation between the SV and BMI. This is also supported by the study of Altunkaynak et al. [1] who reported that high fat diet caused splenomegaly via sinusoidal dilatation and intra-cellular or intercellular deposits.
Since SAD and TAD is considered a good indicators of the amount of body fat, we examined the relationship between SAD, TAD and the SV. There was a positive correlation between SV and SAD and TAD in mean of total study population and female group, there was no such correlation in males. Therefore, we consider that our data about the relationship between SV and diameters is unreliable for an approximate estimation of SV.
Organ size is usually associated with subject height and weight [7] . We found a significant correlation between SV and subject height, weight, and BMI. Okoye et al. [22] and Spielman et al. [30] reported good correlation between SS and subject height and weight. Moreover, Okoye et al. [22] and Spielman et al. [30] found strong correlation between subject height and SL. Other studies demonstrating the relationship between the SS and subject height and weight are also available [14, 19] . As there were correlations between SS and both subject height and weight, we would expect a larger average SV and SS in men on the basis of their larger body size.
The measurement of SL in routine clinical practice is a very good indicator of actual SS [19, 23, 27] . But it was not clear to what extent these measurements reflected the actual SL. There is variation among radiological texts in defining the upper limits of normal for longitudinal diameter, with values ranging from 12 to 14 cm in adults [14] . Some studies suggested an average SL of 12 cm, average SW of 5 cm, and average ST of 7 cm [19, 22, 26] . For daily routine, a value of 10 cm could also be used as the upper limit of normality for the SL [2] . Hosey et al. [14] reported that mean SL was 10.65 cm for 631 subjects. Capaccioli et al. [4] found a mean SL of 10.5 cm in a population of 180 Italian adults, without stratifying for age. Bezzera et al. [2] found maximum SL of 9.7 cm as the upper limit of normality in United States volunteers. Our average for SL of 9.96 cm is consistent with previous normal values reported for the general adult population. These observations suggest that there is no significant racial bias of SL.
Bezerra et al. [2] reported that there was a strong correlation between SV and SL, also SL and SW had the best correlation indices. Konus et al. [17] found that there was a strong correlation between SV and length. In a similar study by Prassopoulos and Cavouras [23] in children, correlating individual measures to the SV founded the ST. In our study there was a correlation between SV and SL, SW, ST, particularly SL had the best correlation. This study shows that a single simple SL measurement in CT gives clinically useful indication of true SS. This finding supports the historical assessment of splenomegaly based on SL.
In summary, our results define normative values for SV and SS for adult population by stratifying for age. This dataset may prove useful in future research to identify the natural course of SV and SS followed by normalisation in adult population with splenomegaly and atrophic spleen.
CONCLUSIONS
The SV in adult population continues to increase during 20-50 years of age, and then declines there-after. The SV significantly correlates with age, subject height and weight, and body habitus. The SV may be estimated using formulae in the clinical setting, provided that basic information such as SS, patient age, body weight and height are known. The normal reference ranges for SV and SS given in this study can serve as a standard to judge whether splenomegaly is present in patients.
